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PRA /gA Livingston Curve: Success of RF Accelerators

Horizon 2020
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PRA ,\GA LHC as a Masterpiece of Accelerator Science

Horizon 2020

80 Years after the first RF accelerator in Aachen and 48 Years after Touschek's e*e- Collider at Frascati
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First beam
10.9. 2008
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pRA/\éA The Plasma Accelerator Opportunity

Horizon 2020
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PRA A
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PRA ,GA The Plasma Accelerator Opportunity
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PRA ,GA The Plasma Accelerator Opportunity
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pRA/gA Reminder: The Principle

Horizon 2020

Overcome high-field limitations of metallic walls with dynamic plasma structures (undestructible)

Ground-breaking idea in 1979 by Tajima and Dawson: Wakefields inside a
homogenous plasma can convert

transverse forces . into longitudinal accel atingﬁ"dds

‘B

Pondero- Space charge force | » Accelerating gradients
motive force ®ej¢| of a charged particle of 10 GeV/m to

of a laser ,J bunch (e-, p+) 1,000 GeV/m

Wakefield photo courtesy M. Kaluza

Options for driving wakefields: PICture from PhD A Ferran Pousa Vorums 43, Numses PHYSICAL REVIEW LETTERS 23 Jury 1979

Laser Electron Accelerator

* Lasers: Industrially available, steep progress, path to low cost G
Limited energy per drive pulse (up to 50 J) Department of Physics, L‘xi!'&r:;rjvz‘ga:g::;nl.s:;sAn,‘;elcs,Cali_Fomia 20024

An intense electromagoetic pulse can create a wesk of plasms oseillstions through the
action of the nonlinear ponderomotive force, Electrons trapped in the wake can be ac-

. . celerated to high energy. Existing glass lasers of power density 10%*w/om? shone on plas-
* Electron bunch:  Short bunches (need um) available, need long RF accelerator i f a1 o cn et of chtro ert o comar
of acceleration d . This L s de ated througl
H imulation. Applications to accelerators and pulsers are examined.
More ener r driv Ise (up to 500 J) g
O e e e gy pe d e p u Se u p Collective plasma accelerators have recently the wavelength of the plasma waves in the wake:
received considerable theoretical and experi- L=\, 3=50/w @
. .« . mental investigation. Earlier Fermi' and McMil- F WA
* Proton bunch: Only long (inefficient) bunches, need very long RF accelerator Lar? considored cosmic-ray particle accelera-  An alternative way of exciing the plasiacn 8 to
tion by mm'(;\g magnetic fields' or electromag- inject two la.?er beams with slightly different
H H tic waves.” In terms of the realizable labora- 1 ) vith { difference Aw~w,)
M aXI m U m e n e rgy pe r d rlve p U | Se ( U p tO 100’ 000 J ) ?ce;rycteclmulogy for collective accelerators, sl(-)e?:;nfhzsbe\;t dis::::n:tythe ::c;et be‘c"omk;’s
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PRA A Reminder: The Principle

Horizon 2020

Internal injection

Works the same way with an electron beam as wakefield
driver. But then usually lower plasma density. Ponderomotive
force of laser is then replaced with space charge force of
electrons on plasma electrons (repelling).

Laser Pulse (200TW, ~30fs,E___ ~ TV/m)
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Horizon 2020

inciple
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Reminder

PRA /‘GA

Internal injection
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pRA/gA Reminder: The Principle

Internal injection

Bubble (€~ 100 Gv/m)

Trapped electron beam
Laser Pulse (E_
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PRA A Reminder: The Principle

Internal injection

This accelerator fits into a humaw hair '

Bubble (€, ~ 100 Gv/m)

Trapped electron beam
Laser Pulse (E
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~ TV/m) or particle pulse as driver

Horizon 2020
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PRA ,\dA

P External injection

<MALL DIMENSIONS
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Reminder: The Principle

Horizon 2020
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PRA IA

Shrinking Down the Bucket Volume
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Horizon 2020

Metallic RF regime:

* SRF: High quality, high average power
acceleration, long trains > CW

* S/X band: Generate high brightness beams
for all purposes, ultra-fast science and
diagnostics, injector for novel accelerators

Novel regime:

* Novel drivers, in particular
for compact photon science and medical
applications.

mainly for HEP or other high
average powetr.

foot-print, low pulse charge,

assess with modern tools (synergy with ultra-
fast).

Fit based on the analytical law for the
cavity diameter with the TM,,, mode
divided by &

15



Transverse diameter (mm)

Horizon 2020

pRA/@A Shrinking Down the Bucket Volume

» for electrons: factor 10° reduction in volume of
accelerating bucket from S band to plasma
regime

100

< 30 mm * more difficult to fit high population electron
bunches into small volume — limitations from
various effects, helped by strong focusing for
electrons

10

- 25MV/m BAND

2 <— 1 mm * particular problem for an advanced collider:

luminosity scales with the square of the bunch
charge: limits luminosity and efficiency

0.1

* Very critical: Maximum electron charge?
400 MV/m

e even much more serious for positrons: even
10 pm smaller volume and defocusing problem

0.01

1 10 100 1000 10000

Frequency of accelerating field (GHz)

Fit based on the analytical law for the
cavity diameter with the TM,,, mode
divided by &
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pRA/@A Timely to Build Something Useful

= -1 '::_.:E -'r;:‘
'v«:-", =
J o -~ A
| S

Horizon 2020

Particle accelerators are a fascinating research topic but define
their purpose through producing usable beams for important
research or applications.

RF based particle accelerators serve about 70,000 users in
science, enabling discoveries, advances in human knowledge.

Plasma particle accelerators have made great progress but
have not served in a user facility so far.

“Emerging since 40 years”: timely to demonstrate first user
applications before end of 2020's (within 50 years of idea).

Basic R&D can continue in parallel but we should focus on
usable beam.




pRA/@A Not Easy: Plasma Accelerator Builder's Challenge m

Horizon 2020

300
Match into/out of plasma with beam size =1 um (about 1 ;
mm beta function). Adiabatic matching (Whittum, 1989). 2508 :
Control offsets between the wakefield driver (laser or . 2002— ]
beam) and the accelerated electron bunch at 1 um level. 5 — ]
Use short bunches (few fs) to minimize energy spread. ° oo ]
Achieve synchronization stability of few fs from injected ol ]
electron bunch to wakefield (energy stability and spread). _

O -0I51(SIOCIedFIIT.IgraIphI I T

Control the charge and beam loading to compensate 2 0 2 4 6 8 10 12
energy spread (idea Simon van der Meer). Phase Advance W oc n'2L
New ideas (see later) for better quality. PRL 2002, C. E. Clayton, B. E. Blue, E. S. Dodd, C.

Joshi, K. A. Marsh, W. B. Mori, and S. Wang, P.

- Catravas, S. Chattopadhyay, E. Esarey, and W. P.
Develop and demonstrate user readiness of a 5 GeV Leemans, B. Assmann, F. J. Decker, M. J. Hogan, R.

plasma accelerated beam. Iverson, P. Raimondi, R. H. Siemann, and D. Walz, T.
Katsouleas, S. Lee, and P. Muggli

P R Assmann - IFAST Workshop - 30 March 2022 18




pRA/\GA For Example: FEL Requirement

Horizon 2020
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Adapted from P. Schmliser
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pRA/gA FEL Needs High Quality Beam

HorizZOZO
Plasma accelerators have small dimensions and they have/should have small
dimensions beams! FEL parameters that are being considered (example):

A=4nm,K=1,A,=15mm, slice energy spread 0.025%, E about 1 GeV
Possible beam parameter sets have been worked out. For example:

* Energy: 1-5GeV

* Charge: 10 -30 pC

* Bunch length rms: 1um (about 3 fs)
* Peak current: 2 -3 kA

* Norm. emittance: 0.2 um

* Energy spread: 0.2% (whole bunch)

R. Assmann - IFAST Workshop - 30 March 2022 20



pRA/gA Equal Energy inside Beam = Small Energy Spread m

Horizon 2020

I State of the art in plasma accelerators versus requirements

¥ State-of-the-art LWFA (2004-2018)
& Multi-stage dechirping
Current FEL facilities

el
o
(&)
X
2 4

©
D | e R S STATE OF THE ART PLASMA ACCELERATORS
= 101 X X X % X x * X Efforts to handle large energy spread beams for
- 5% g‘ x X X % FEL applications = decompression, TGU undulator
g X % (not discussed here)
uc_l 10—2 X
v STATE OF THE ART COLLIDER
< 10-3 FEL applications L1 T ILC O P
o Ferr TDR Vol. 1
__________________ B S SEEHA B S A NI B A A RN S A,
SACLA EXFEL STATE OF THE ART FEL
10— FLASH  swissFEL
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DER SPIEGEL 11/2015

Im Bann von
Waxahachie

Physik Forscher bauen immer
gcw ah\gu‘c Telkhcnbuuhkumger.

nter den Feldern von Texas er-
streckt sich ein verlassener Tunnel,
knapp 23 Kilometer lang. Die Zu-

ginge sind verschiittet, in der Rohre sam-
melt sich Wasser.

Die Ruine nahe dem Stadtchen Waxa-
hachie steht fiir das Trauma der Teilchen-
physik: Hier baute die stolze Zunft einst

SAMSTAG, 28. MARZ 2015

Bremse fiir
Sup erbeschleumger

€n dic
ndcm RN
VO. \htmcromhcr miissen ek Ludun U e
si

ich etwas einfallen lassen
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Towards a Plasma Collider

Horizon 2020

Illustration from PhD A. Ferran

Pousa

A 1 TeV collider in 10-100 meters?
Not so easy...

23



Horizon 2020

* The European Strategy for Particle Physics is updated every 5 years in
a procedure based on wide community input.

* Many of us provided input to this process:

* Written statements from European Network for Novel
Accelerators (EuroNNAc), AWAKE, ALEGRO and EuPRAXIA.

e Several talks at meetings.

» Strategy defines future directions and priorities for particle physics in
Europe and for CERN. Last update: 2020.

* Qutcome a great success for advanced accelerators:

* Importance of accelerator R&D in general.

2020 UPDATE OF THE EUROPEAN STRATEGY
FOR PARTICLE PHYSICS

Hieh i Eiopesn Stratagy Group * Explicit mentioning of plasma and laser high gradient
acceleration.

* Request for accelerator R&D roadmap, adequate resources,
: priorities, deliverables for next decade, synergy with other
Europeﬁr}lszrategy SCienCE ﬁeldS, cee

R. Assmann - IFAST Workshop - 30 March 2022 24



PRA /@A European Strategy for Particle Physics

High-priority future
initiatives

Horizon 2020

B. Innovative accelerator technology underpins the physics reach of high-energy
and high-intensity colliders. It is also a powerful driver for many accelerator-based
fields of science and industry. The technologies under consideration include high-field
magnets, high-temperature superconductors,l plasma wakefield acceleration and other|
|high-gradient accelerating structures,l bright muon beams, energy recovery linacs.
The European particle physics community must intensify accelerator R&D and
sustain it with adequate resources. A roadmap should prioritise the technology,
taking into account synergies with international partners and other communities
such as photon and neutron sources, fusion energy and industry. Deliverables for
this decade should be defined in a timely fashion and coordinated among CERN
and national laboratories and institutes.

R. Assmann - IFAST Workshop - 30 March 2022 25



pRAl\éA European Expert Panel Plasma & Laser Acc.

Defining a European Particle Physics Roadmap for High-Gradient Novel Accelerators

Expert Panel — Panel chairs:
Chair: Ralph Assmann (DESY/INFN)
Deputy Chair: Edda Gschwendtner (CERN)

Panel members:

Kevin Cassou (IN2P3/1JCLab), Sebastien Corde (IP Paris), Laura Corner ( Liverpool),
Brigitte Cros (CNRS UPSay), Massimo Ferarrio (INFN), Simon Hooker (Oxford),
Rasmus Ischebeck (PSI), Andrea Latina (CERN), Olle Lundh (Lund), Patric Muggli
(MPI Munich), Phi Nghiem (CEA/IRFU), Jens Osterhoff (DESY), Tor Raubenheimer
(SLAC), Arnd Specka (IN2PR/LLR), Jorge Vieira (IST), Matthew Wing (UCL).

Panel associated members:
Cameron Geddes (LBNL), Mark Hogan (SLAC), Wei Lu (Tsinghua U.), Pietro
Musumeci (UCLA)

CERN Yellow Reports: Monographs, CERN-2021-XXX

Jan 2021 — Feb 2022
Final report: ArXiv & CERN Yellow Report

R. Assmann - IFAST Workshop - 30 March 2022

4 High-gradient Plasma and Laser A ccelerators

Editors: R Assmann®®, E Gschwendiner”, R Ischebeck?

Panel members: R Assmann®®* (Chair), E Gschwendiner® (Co-Chair), K.Cassou’, S. Corde,
L.Corners, B Cros*, M. Ferraric®, S Hooker', R.Ischebeck?, A.latina®, O Lundl, P.Muggl®,
P Nghien', J. Osterhoff®, T. Raubenheimer™, A Specka®, J. Vieira®, M. Wing?

Associated members: C. Geddes5, M. Hogan™, W. L, P Musumeci*

°DESY, Hambarg, Germany
SLNFINFN, Frascati, ltaly

“CERN, Geneva, Switzeriand

“4PSI, Villigen, Switzerland

“1JCLab, Orsay, France

/1P Paris, Pataisean, France

9Liverpool University, UK

ALPGP-CNRS-Universi€ Paris Saclay, Orsay, France
*Oxford University, UK

JLund University, Sweden

EMPI Physics, Munich, Germany

ICEA, Saclay, France

™SLAC and Stanford University, California, USA
~LLR, Palaiseau, France

°IST, Lisbon, Portugal

FUCL, London, United Kingdom

9LBNL, Berkeky, California, USA

"Tsinghua University, Beijing, China

*UCLA, Los Angeles, California, USA

41 Executive Summary

Novel accelerators have demonstrated acceleration of electrons and positrons with very high accelerating
gradients of 1 to >100GeV/m. This is about 10 to 1000 times higher than achieved in RF accelera-
tors, and as such they have the pokential to overcome their limitations. They have produced multi-GeV
bunches with single parameters approaching those suitable for a linear collider. A significant reduction
in size and, perhaps, cost of futum accelerators can themfore in principle be envisaged.

Based on the various R&D achievements, the field has mached the stage of setting up first user
facilities for photon and material science in the Furopean research landscape. The many national and
regional activities will continee through the end of the 2020s with a strong R&D and construction pro-
gram. aiming at low energy research infrastructures, for example to drive a free electron laser (FEL)
or ultrafast electron diffraction (UED). Various important milestones have been and will be achieved
in mternationally leading programs at CERN, CLARA, CNRS, DESY, various centres and institutes in

“raph smann@dery de
This contribution should be cited as: High-gradiest Plasma sd Laser Acoekeraors, DOE 102373 Y0 YRM. 221 XXX 83, ix
Furogean Strategy for Particle Physics - Acoekeraior R&1) Roadmap, Fid. N. Mo,

CERN Yeliow Reporss: Moaographs, CERN-2021-X XX, DOE 10 23730CYRM-201.XXX, p. &3
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Report on European Accelerator R&D: Includes detailed discussion on plasma and laser accelerators
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European Strategy for Particle Physics -- Accelerator R&D Roadmap

C. Adolphsen (1), D. Angal-Kalinin (2), T. Arndt (3), M. Arnold (4), R. Assmann (5 and 6), B. Auchmann
(7), K. Aulenbacher (8), A. Ballarino (9), B. Baudouy (10), P. Baudrenghien (9), M. Benedikt (9), S.
Bentvelsen (11), A. Blondel (12 and 13), A. Bogacz (14), F. Bossi (6), L. Bottura (9), S. Bousson (15), O.
Briining (9), R. Brinkmann (5), M. Bruker (14), O. Brunner (9), P. N. Burrows (16), G. Burt (17), S. Calatroni
(9), K. Cassou (15), A. Castilla (17), N. Catalan-Lasheras (9), E. Cenni (10), A. Chancé (10), N. Colino
(18), S. Corde (19), L. Corner (20), B. Cros (21), A. Cross (22), J. P. Delahaye (9), G. Devanz (10), A.-1.
Etienvre (10), P. Evtushenko (23), A. Faus-Golfe (15), P. Fazilleau (10), M. Ferrario (6), A. Gallo (6), L.
Garcia-Tabarés (18), C. Geddes (24), F. Gerigk (9), F. Gianotti (9), S. Gilardoni (9), A. Grudiev (9), E.
Gschwendtner (9), G. Hoffstaetter (25 and 26), M. Hogan (1), S. Hooker (16), A. Hutton (14), R.
Ischebeck (7), K. Jakobs (27), P. Janot (9), E. Jensen (9), J. Kiihn (28), W. Kaabi (15), D. Kayran (26), M.
Klein (20), J. Knobloch (29 and 28), M. Koratzinos (30), B. Kuske (28), M. Lamont (9), A. Latina (9), P.
Lebrun (9), W. Leemans (5 and 31), D. Li (24), K. Long (32 and 33), D. Longuevergne (15), R. Losito (9),
W. Lu (34), D. Lucchesi (35 and 36), O. Lundh (37), E. Métral (9), F. Marhauser (14), S. Michizono (38), B.
Militsyn (2), J. Mnich (9), E. Montesinos (9), N. Mounet (9), P. Muggli (39), P. Musumeci (40), S. Nagaitsev
(41), T. Nakada (42), A. Neumann (28), D. Newbold (32), P. Nghiem (10), M. Noe (3), K. Oide (38), J.
Osterhoff (5), M. Palmer (26), N. Pastrone (43), N. Pietralla (4), S. Prestemon (24), E. Previtali (44), T.
Proslier (10), L. Quettier (10), T. Raubenheimer et al. (36 additional authors not shown)

The 2020 update of the European Strategy for Particle Physics emphasised the importance of an intensified
and well-coordinated programme of accelerator R&D, supporting the design and delivery of future particle
accelerators in a timely, affordable and sustainable way. This report sets out a roadmap for European
accelerator R&D for the next five to ten years, covering five topical areas identified in the Strategy update. The
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A

O SPS (injector to, TLEP?)

LEP/LHC
\ (m/eaof: to TLEP?)
« LHeC

(e-p, ERL)

) TDR’s

“_c CLIC (similar footprint for
(phase 1 to full, up to 1 TeV c.m.) up to 3TeV c.m.
............
e- ;

e+

published

New compact accelerators

@ uw collider

== Plasma Lin-
ear Collider
R&D on feasibility ongoing

FCC

Future Circular Collider

100 km, e+e-, pp
Technical design to be done

I I | | | | | |

25 =20 <15 =10 =5 B 5 10 A5

»
| | P

20 25 km

R. Assmann - IFAST Workshop - 30 March 2022

Horizon 2020

Provide e- and e+ beams in the TeV energy regime and produce > 10°* cm? s'1 luminosity

Table 1.3: Required parameters for a linear collider with advanced high gradient acceleration. Three
published parameter cases are listed. Case 1 (PWFA) is a plasma-based scheme based on SRF electron
beam drivers [88]. Case 2 (LWFA) is a plasma-based scheme based on laser drivers [89]. Case 3 (DLA)
is a dielectric-based scheme [34].

Parameter Unit PWFA LWFA DLA
Bunch charge nC 1.6 0.64 4.8x107°
Number of bunches per train - 1 1 159
Repetition rate of train kHz 15 15 20,000
Convoluted normalized emittance (v,/€y¢€,) nm-rad 592 100 0.1
Beam power at 5 GeV kW 120 48 76
Beam power at 190 GeV kW 4,560 1,824 2,900
Beam power at 1 TeV kW 24,000 9,600 15,264
Relative energy spread % <3S
Polarization % 80 (fore™)
Efficiency wall-plug to beam (includes drivers) % >10
Luminosity regime (simple scaled calculation)  10**cm~—2s~! 1.1 1.0 1.9

from expert panel report

No fundamental show-stopper but a lot of R&D still required.

There can be very interesting and useful interim steps (non-linear QED, fixed target, dark matter, ...)
Devil is in the details! Answer requires detailed simulation, calculations, R&D, designs and tests!
How and when can we arrive at readiness for for high energy particle physics, e.g. a TeV collider?
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pRA/@A Can we shrink the Linear Collider?

Horizon 2020

Provide e- and e+ beams in the TeV energy regime and produce > 10°* cm? s'1 luminosity

Parameter Unit PWFA LWFA DLA
Bunch charge nC 1.6 0.64  4.8x107°
Number of bunches per train - | 1 1| 159
Repetition rate of train kHz 15 15 20,000
Convoluted normalized emittance (vy,/€x€,) | nm-rad | 592 100
Beam power at 5 GeV kW 120 48 76
Beam power at 190 GeV kW 4,560 1,824 2,900
Beam power at 1 TeV kW 24,000 9,600 15,264
Relative energy spread Yo <0.35
Polarization % 80 (fore™)
Efficiency wall-plug to beam (includes drivers) %o
Luminosity regime (simple scaled calculation) 10**cm=2s~! 1.1 16 1.9

from expert panel report

R. Assmann - IFAST Workshop - 30 March 2022 30



PRA ,GA Possible Beam Parameters for High Energies

Situation TODAY:

e Electron beam acceleration in a single stage works with reasonably
good quality (typically 1-5 GeV HQ energy gain, record 8/30 GeV)

* Electron charge in HQ beam at 10 — 50 pC (record 500 pC beam, few
100 nC with 100% energy spread). No theoretical solution for 1 nC HQ
electron beam yet.

e Start to end for 2 electron stages up to 5 GeV and factor 3 reduction
of length.

* Positrons: first acceleration of a few positrons — no theroretical
solution for a positron plasma linac yet.

* Presently power efficiency low and power consumption high.
* Use case of plasma / dielectric accelerators:
 Compact plasma based FEL
* Low power HEP studies with electron beams (e.g. detector tests)

* Compact or special inexpensive setup cases (standard RF does not
fit facility or budget)

R. Assmann - IFAST Workshop - 30 March 2022

Horizon 2020
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/P Table 4.2: Specification for an advanced high energy accelerator module, compatible with CLIC [87].

High Energy Study Case (175 — 190 GeV)

Additional CLIC design values are listed for reference in the second part of the table.

from expert
panel report

Parameter Unit Specification
Beam energy (entry into module) GeV 175
Beam energy (exit from module) GeV 190
Number of accelerating structures in module - =2
Efficiency wall-plug to beam (includes drivers) % > 10
Bunch charge pC 833
Relative energy spread (entry/exit) % <0.35
Bunch length (entry/exit) um <70
Convoluted normalised emittance (7v/€5,€,) nm =155
Emittance growth budget nm =35
Polarisation % 80 (fore™)
Normalised emittance h/v (exit) nm 900/20
Bunch separation ns 0.5
Number of bunches per train - S92
Repetition rate of train Hz 50
Beamline length (175 to 190 GeV) m 250
Efficiency: wall-plug to drive beam % 58
Efficiency: drive beam to main beam % 22
Luminosity 107%cm =5 1.9

R. Assmann - IFAST Workshop - 30 March 2022

Horizon 2020

Size of a 15 GeV advanced
accelerator multi-stage unit
for e-?

Should be significantly
shorter (less expensive)
than 250 m CLIC solution.

Must include in/out-
coupling of driver, focusing,
stage coupling, diagnostics,
correctors, ...

No detailed design &
calculation for advanced

accelerators. Pre-condition
for claiming benefits.
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PRA /‘6A Low Energy Particle Physics Cases Specified

Horizon 2020

Table 4.3: Specification for an electron beam for fixed-target (FT) experiments, generated by a dielectric
laser accelerator (inspired by the eSPS specifications [88]) as well as for electron bunches from plasma
accelerators for PEPIC [91-93], a low-luminosity LHeC-like collider [89] and for the LUXE experi-
ment [90]. Such bunches (for PEPIC and LUXE) can also be used for a beam-dump experiment to
search for dark photons. Note that the number of bunches per train in the European XFEL is 2700, but
for LUXE only one is used.

Parameter Unit singlee FT PEPIC LUXE

Bunch charge pC few e 800 250

Final energy GeV 20 70 16.5

Relative energy spread Y sl | 2-3 0.1

Bunch length um - 30 30-50

Normalised emittance um 100 10 1.4

Number of bunches per train - 1 320 1

Repetition rate - 1 GHz 0.025Hz 10Hz from expert
Luminosity 102" cm 2 1 = 1.5 = panel report

R. Assmann - IFAST Workshop - 30 March 2022 33
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Possible Beam Parameters Spreadsheet |

Horizon 2020

Yellow report i:g’:w :Zz LR;'O;Z Rev. Mod. Eur. Phys. ). Special
Reference CERN-2018- | ' 811 |13 101301~ |7 %64 Topics 229, 3675-4284
010-M(2018) | 1c 2013)  |(2010) (2014) (2020) Column 1:  CLIC reference
CLICXband | PlasmaSRF | Plasmalaser- | Dielectric | EuPRAXIA | EUPRAXIA design
RFdesign |beam-driven| driven collider 5 GeV sgev | Columns 2-4: Advanced collider
self-consistent, (PWFA) (LWFA) colider plasma | plasma laser sketches
simulated ; ; concepts, not |beam driven driven .
design, TDR canimf'nol can‘:,:::,nol sim:phred, {ultim.), {ultim.) COIumn >-6: EUPRAXIA .
simulated, next: | simulated, next: | Next:pre-COR | simulsted | simulated conceptual dESIgn
pre-CDR pre-COR CDR design | COR design
IP electron rate [C/s] 1,47605| 2,40E05|  9,60£06 1,5354)5 In next 8 years:
high quality beam Bunch charge [nC) 0,83 1,60 0,64 4,80E-06 0,04 0,03 « U o to 3e9 C/S h igh
see emittance below Number of bunches 352 1 1 159 1 1 quality beam at up to 5
Repetition rate [Hz) 50 15000 15000 2,00E+07 50 100
Beam power kW] as function GeV?
of beam energy E {=Ecn/2) e Designed with
E [eV]|5,00E+09 73 120 48 76 0,01 0,02 European laser
E[eV])|1,90E+11 2786 4560 1824 2900 n/a n/a _
E[eV])|1,00E+12 14661 24000 9600 15264 n/a n/a industry, RF labs
E [eV]|2,00E+12 29322 48000 19200 30528 n/a n/a| » Tradeoff with quality:
— can imagine factor 10
ciency energy conversion {incl cryo)
Wall plug to driver 58,00%|  20,00% 30,00%|  40,00%| 58,00%| o0.10% more rate with lower
Driver to beam 22,00% 40,00% 20,00% 30,00%| 5,00%| 10,00% quality, not much more
Wall plug to beam 12,76% 8,00% 6,00% 12,00%| 2,90%| 0.01%

R. Assmann - IFAST Workshop - 30 March 2022 34
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SLAC-PUB-

Phys. Rev. ST

Possible Beam Parameters Spreadsheet Il

emittance [nm-rad)

Yellow report Rev. Mod. Eur. Phys. ). Special
Reference  |cemn-2018- |02 Accel Beams | < 86,4 | Topics 229, 3675-4284
010- M (2018) arXiv:1308.11 |13,101301 - (2014) (2020)
45 (2013) (2010)
CLICXband | PlasmaSRF | Plasmalaser- | Dielectric |EuPRAXIA | EUPRAXIA
RFdesign |beam-driven driven collider 5 GeV 5 GeV
self-consistent, (PWFA) (LWFA) collider plasma | plasma laser
simulated collider colider concepts, not | beamdriven driven
design, TDR concepts, not | concepts, not simulated, {ultim.), {ultim.)
simulated, next: | simulated, next: | Next:pre-COR | simulsted | simulated
pre-COR pre-COR CDR design | COR design
Power consumption from
wall-plug (1 beam, acc. only)
E[eV] |5,00£+09 574 1500 800 636 m
EleV] |1,90F+11 21830 57000 30400 24168 n/a n/a
E[eV] |1,00E+12 114897 300000 160000 127200 n/a n/a
EleV] |2,00E+12 229793 600000 320000 254400 n/a n/a
Transverse IP normalized |Convoluted [nm-
phase space [nm-rad] rad) 134,2 591,6 100 0,1 700 100
should include realistic tolerance |Normalized hor.
3 7
: emittance [nm-rad) 900 10000 100 0,1 00 100
Normalized vert.
20 35 100 0,1 700 100

R. Assmann - IFAST Workshop - 30 March 2022

Horizon 2020
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Possible Beam Parameters Spreadsheet IlI

Horizon 2020

-P Phys. . ST ,
Yellow report i;g . a AZLR::mis Rev. Mod. Eur. Phys. ). Special
Reference CERN - 2018 - : Phys. 86,4 Topics 229, 3675-4284
010-M (2018) arXiv:1308.11 |13,101301 ~ (2014) (2020)
45 (2013) (2010)
CLICXband | PlasmaSRF | Plasmalaser- | Dielectric | EuPRAXIA | EUPRAXIA
RFdesign |beam-driven driven collider 5 GeV 5 GeV
self-consistent, (PWFA) (LWFA) colider plasma plasma laser
simulated collider collider concepts, not | beam driven driven
design, TDR concepts, not | concepts, not simulated, {ultim.), {ultim.)
simulated, next: | simulated, next: | Next:pre-COR | simulsted | simulsted
pre-COR pre-COR CDR dﬁ@ CDR des‘gn
Longit. phase space at IP
Bunch length [s) 2,33E-13 6,67E-14 3,34E-15 9,336-14] 1.30E-14| 3 00E-15|
Bunch length [m] 7,00E05 2,00E05 1,00E06 2,80E05| 3,90E06| 8,99E07
Relative energy
spread 3,50E03 1,00E-03 1,00E-03 1,00E-03| 4,00E03| 1,00E-03
400 Mev/m -
Eff. acc. 3’_"’“’“‘ @180GeV outcome |outcomecase Mm: c:; @5 GeV FEL only: factor 3
-» size and cost 60 MeV/m | casestudy study study gain
Machine length outcome |outcomecase| outcome
175-190 GeV [m] 250 case study study case study n/a n/a
Energy gain [eV] 1,50E+10 1,50E+10 1,50E+10 1,50E+10 n/a n/a

R. Assmann - IFAST Workshop - 30 March 2022
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PRA /‘6;\ Realistic Reduction Footprint at 5 GeV

RF Accelerators
> 30,000 operational — many serve for Health

30 million Volt per meter
RF: 90 years of success story for society

Plasma Accelerators
first user facility to be realized

100,000 million Volt per meter

Horizon 2020

Typical RF Based

Accelerator Facility to 400 m

5 GeV

g , y /
NG

- . N /

Shrinking N 60 m o
: B /" EuPRAXIA Plasma

the Size Of / Accelerator Facility to
the Accelerator % 7 5 GeV

e N
Facility N Y

F;tu;e 5 G ev

Added value

new Research Infrastructures due to compactness and cost-
efficiency

bringing new capabilities to science, institutes, hospitals,
universities, industry, developing countries.

R. Assmann - IFAST Workshop - 30 March 2022

“realistic design including all required
infrastructure for powering, shielding, ...
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PRAIA  Possible Beam Parameters Spreadsheet IV
-P Phys. Rev. ST
Yellow report j;:gs o AZ::; R;'o;s Rev. Mod. Eur. Phys. ). Special
Reference CERN - 2018 - i Phys. 86, 4 Topics 229, 3675-4284
010-M (201g) |070"1308.11 113, 101301 = 1 5 4) (2020)
45 (2013) {2010)
CLICXband | PlasmaSRF | Plasmalaser- | Dielectric | EUPRAXIA | EuUPRAXIA
RFdesign |beam-driven driven collider 5 GeV 5 GeV
self-consistent, (PWFA) (LWFA) colider plasma plasma laser
simulated colider colider concepts, not |beam driven driven
design, TDR concepts, not | concepts, not simulated, {ultim.], {ultim.}
simulated, next: | simulated, next: | next:pre-COR | simulsted simulated
pre-COR pre-COR CORdesign | COR design
la Is scoled from QUC
190+190GeV design with
Luminosity [cm.z s"] modified bunch charge, 1,50E+34 1,07E+34 1,01E+34 1,21E+32 1,88E+28 | 1,48E+29
number of bunches,
emvttonce. Approsimative.
Loy when ossuming ol
bunch train crossing 1,92E+34
Lumy from Bev.Mod. Phys.
85 4 3,20E+34

Plasma-accelerated e- beam in EUPRAXIA presently would enable a collider luminosity of 1.5e29,
about 5 orders of magnitude below the linear collider goals (ignoring problems on e+, staging). This
reresents a major advance and success. Clearly, more R&D is required...

R. Assmann - IFAST Workshop - 30 March 2022

Horizon 2020
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Horizon 2020

* Strong and successful international/European projects and their related coordination bodies exist in this
area, with multi year programs ahead (“coordination through common multi-lateral projects”):

* EuPRAXIA Research Infrastructure on ESFRI roadmap — building two FEL facilities (one beam / one laser driven
plasma user facility) — cost 569 M€ — entering preparatory phase with > 1,550 person-months (funding agencies

advisory body formed as part of EUPRAXIA-PPP) — mainly for applied science users but will demonstrate some
HEP milestones

* AWAKE collaboration at CERN (AWAKE run 2)

* L.FAST plasma WP6 incl. EU-funded Europ. Network for Novel Accelerators: loose coordination/EAAC since 2011

* ACHIP collaboration on dielectric accelerators (US and Europe coordinators)

* Itis important to ensure full success of those projects: highly visible, will achieve major milestones, will
demonstrate critical goals relevant for particle physics (steps towards a collider or HEP experiments).

* To establish usefulness for particle physics collider or HEP experiment, expert panel pointed out as highest
priority (beyond existing projects and technical/national deliverables) a feasibility study / pre-CDR:

* Thisis not in the scope of above projects. Needs extra funding, coordination and new structure.

» Conceptual work to be done, for plasmas/dielectrics, theory, simulation plus few demo exp. Includes basic R&D
on not solved problems for a collider (e.g. positrons). EUPRAXIA, AWAKE, |.FAST, ... cannot perform this work.

* Therefore fully support a complementary particle physics based structure for a resource-loaded feasibility study
for a plasma/dielectric collider and/or particle physics experiment.

R. Assmann - IFAST Workshop - 30 March 2022 39
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Horizon 2020

* On the longer term (beyond pre-CDR) we have included in our report a possible particle
physics plasma accelerator demonstration facility for the 2030’s:
* Design would be part of the feasibility / pre-CDR study mentioned before

* Expert panel: Too early to propose in detail now (detailed budget, parameters, deliverables, ...) but
important step for the future if feasibility is shown.

* Particle physics plasma accelerator demo facility is clearly out of scope for existing projects. One of
the European or national projects could develop into the host for this possible facility, if there is
sufficient support and interest.

* Requires the same complementary particle physics based structure supported on previous slide.

 EuPRAXIA's role:
* A number of strong projects are ahead that we must complete successfully, including EUPRAXIA.
 EuPRAXIA will demonstrate high beam quality, 2 stages, 100 Hz operation, stability, user readiness.
* EuPRAXIA will build two FEL's in Europe, one beam-driven and one laser-driven.
* If it does not work, with all the European excellence connected, a collider will surely also not work.

R. Assmann - IFAST Workshop - 30 March 2022 40



PRA IA Outline

Horizon 2020

The Plasma Accelerator Context
The EuPRAXIA Objective

ESFRI and EuPRAXIA

EuPRAXIA as a User Facility

EuPRAXIA Implementation
EuPRAXIA Innovation
EuPRAXIA ESFRI Features

Towards Particle Physics

Conclusion

R. Assmann - IFAST Workshop - 30 March 2022 41



ropean Plasma Research Accelerator with eXcellence In Applications

European High-Tech Project on Accelerator Innovation

RF Particle Accelerators Typical RF Based 400 m o
> 30,000 operational — many serve for Health | £ccelerater Feeiitvto

5 GeV
30 million Volt per meter
RF: 90 years of success story for society

Shrinking
- 600+ page CDR,
Plasma Particle Accelerators the Size of Aok 240 shrenists
first user facility to be realized the Accelerator 5 GeV contributed
100 billion Volt per meter Facility o

A,
“““““

Laser &'Hlnduﬁry | Plasma Accelerator

q‘\ : R. Assmann - IFAST Workshop - 30 March 2022

This project has received funding from

http ://WWW. eu praXia-DrOieCt_ e u/ the European Union’s Horizon 2020

research and innovation programme
under grant agreement No 653782.



http://www.eupraxia-project.eu/

PRA/\éA The EuPRAXIA PrOject http://www.eupraxia-project.eu/

@ B i 5 Elropaan Physicn Sociely
infrastructure funded by EU Horizon2020 program. Special Topics
Completed by 16+25 institutes. i

Horizon 2020

- number 24 - Decem ber 2020

First ever design of a plasma accelerator facility. The Butopean

Conceptual Design Report for a distributed research

Challenges addressed by EuPRAXIA since 2015:

e Can plasma accelerators produce usable electron beams?

* For what can we use those beams while we increase the beam

energy towards HEP and collider usages?

Next phase consortium with 40 partners + 10 observers.

Preparatory Phase project: 2022 — 2026 (submited, to be approved) = "e;g;r',;iences @Spmge,

st A
Start of 1 operation: 2028 600+ page CDR, 240 scientists contributed

R. Assmann - IFAST Workshop - 30 March 2022 43



Consortium
(from 16 to 40 members in new Dec 2020 consortium) Horizon 2020

40 Member institutions in:
Russian Academy of Sciences

= ItaIy (INFN, CNR, Elettra, ENEA, Sapienza Universita di
Roma, Universita degli Studi di Roma “Tor Vergata”)
Joint Institute for High Temperatures,
Russian Academy of Sciences

PRA IA

PRA/\ IAMEMBERS o

Lund University

University of Strathclyde

| " France (CEA, SOLEIL, CNRS)

= Switzerland (EMPA, Ecole Polytechnique Fédérale de

University of York ‘

Forschungszentrum Ferdinand-Braun-
\ Jidlich Institut Lausanne)
The Queen’s N\ ‘ . .
University Belfast ‘ \ Helmholtz-ZaRiEti = Germany (DESY, Ferdinand-Braun-Institut, Fraunhofer

\ Fraunhofer Institute ’

for Laser Technology Dresden-Rossendorf

Institute for Laser Technology, Forschungszentrum Jiilich,
HZDR, KIT, LMU Miinchen)

® United Kingdom (Imperial College London, Queen’s
University of Belfast, STFC, University of Liverpool,
University of Manchester, University of Oxford, University
of Strathclyde, University of York)

= Poland (Institute of Plasma Physics and Laser

Microfusion, Lodz University of Technology, Military
University of Technology, NCBJ, Warsaw University of

| Lodz University

University of Manchester ‘ of Technology

Institute of Plasma Physics
and Laser Microfusion

University of Liverpool

Jl' = Warsaw University

of Technology

Military University
of Technology

National Centre for
Nuclear Research (NCBJ)

I

University of Oxford }

Science and Facilities
Technology Council (UKRI)

Imperial College London )

Technology)
= Portugal (1sT)
= Hungary (Wigner Research Centre for Physics)
= Sweden (Lund University)
= |srael (Hebrew University of Jerusalem)
= Russia (Institute of Applied Physics, Joint Institute for

n
\ | ELI Beamlines

CNRS

Wigner Research
Centre for Physics

Synchrotron
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m
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.

Karlsruhe Institute | —
of Technology
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Universita degli Studi di |
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Téenico ‘ Fédérale de Lausanne ‘ N 7 ‘ Roma ‘Tor Vergata’ | High Temperatu res)
‘ Swiss Federal Laboratories for { INFN l Saplenz;g:‘n:ersna d " U nltEd States (UCLA) e
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Consortium

PRA /\6A

(10 observer institutes) Horizon 2020
Helmholtz University of
Institute Jena 1 Warsaw !
} RIKEN SPring-8
2 — Center
P i
. Institute for
AMPRNICS | Molecular Science
Technologies
I Kansai Photon
lawrence Barigley Science Institute
National Laboratory Thales LAS
France Shanghai Jiao X :
Tong University Osaka University ‘
10 Observer institutions in:
® France (Amplitude Technologies, Thales LAS France SAS) i
= Germany (Helmholtz-Institut Jena) ————— L

= Poland (University of Warsaw)

= United States (LBNL)
® China (Shanghai Jiao Tong University)

= Japan (Institute for Molecular Science, Osaka University, Kansai

pRA/‘ IAOBSERVERS Photon Science Institute, RIKEN SPring-8 Center)
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Thanks to the
scientists, many
senior European
leaders helping as
work package
leaders and finding
the solutions

2015 in Hamburg

Kick-off meeting at DESY on
R. Assmann - IFAST Workshop - 30 March OJNOV 26th N 27th
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scientists, many
senior European
leaders helping as
work package
leaders and finding

the solutions N Ecole polytechnique
BERA 2016 0219 =

2016 in Paris
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PRA/\éA The EuPRAXIA Answers http://www.eupraxia-project.eu/

Horizon 2020

- number 24 - Decem ber 2020

P Can plasma accelerators produce usable electron beams? The European Physica

* Yes, we have designed a EUPRAXIA plasma accelerator facility ST

@ Recognized by European Physical Society

that can produce usable beams. Special Topics

For what can we use those beams while we increase the beam

EuPRAXIA Conceptual Design Report

Ralph Assmann and Maria Weikum (Eds.)

energy towards HEP and collider usages?

* There are several highly attractive use cases, in particular a
compact free-electron laser but also superior X ray medical

imaging and positron annihilation spectroscopy.

—> We are ready to build a first, distributed user facility based _ *
on plasma accelerators! Proposal to governments and ee,P &) Springe:

European research area. o .
600+ page CDR, 240 scientists contributed
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PRA IA Outline

Horizon 2020

The Plasma Accelerator Context
The EuPRAXIA Objective

ESFRI and EuPRAXIA

EuPRAXIA as a User Facility

EuPRAXIA Implementation
EuPRAXIA Innovation
EuPRAXIA ESFRI Features

Towards Particle Physics

Conclusion
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PRA/\GA The ESFRI Roadmap

Horizon 2020

E uropean

2 NEW PROPOSAL SUBMISSION
S trategy

READ CHECK FILL
GUIDE & ﬂUESTIONNAIHE ELIGIBILITY CRITERIA ONLINE QUESTIONNAIRE
ot pG ide p{roct:ljv:ff]rl?“ proposal F O ru m O n
J) R esearch
G[) | nfrastructures
SEPTEMBER NATIONAL JANUARY
2019 DEADLINES 2020

INTERACTION CHECK
WITH MINIMAL KEY
DOCUMENTS MoS
B ESFRI DELEGATION FEIURENENTS e EOS = Expression of support
LEAD ESFRI compliance with propqsa . .
g oy e iorine | — EOC = Expression of commitment

Member Phase

https://roadmap2021.esfri.eu
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PRA/éA Press Releaca FSFRI 2N A 21

The new ESFRI Projects are:

020

¢ There is a new level of ambition to develop globally unique,

complex facilities for frontier science: Einstein Telescope -
ESFRI ABOUT ESFF

highest value project ever on the Roadmap - EUR 1.900 million,

HOME > NEWS > LATEST ESFRINEWS and EuPRAXIA - innovative accelerator based on plasma
ESFRI announces new Ris for Roa technology - EUR 569 million.

¢ ET - Einstein Telescope, the first and most advanced third-

90.06.2021 generation gravitational-wave observatory, with unprecedented
PRESS RELEASE

sensitivity that will put Europe at the forefront of the
ESFRI announces the 11 new Researt
New RlIs for Roadmap included in its Roadmap 2021

2021 announced

Gravitation Waves research.

EuPRAXIA - European Plasma Research Accelerator with
€4.1 billion investment in excellent s . . . .
European challenges Excellence in Applications, a distributed, compact and

ROADMAP 2021

innovative accelerator facility based on plasma technology, set

After two years of hard work, following

selection procedure, ESFRI proudly ar to construct an electron-beam-driven plasma accelerator in the
have been scored high for their scienc
implementation and will be included :

2021 Roadmap Update. accelerator in European territory.

metropolitan area of Rome, followed by a laser-driven plasma

R. Assmann - IFAST Workshop - 30 March 2022 ps.//www.esfri.eu/latest-esfri-news/new-ris-roadmap-2021




PRA ,\GA First Plasma Accelerator Project on ESFRI

Horizon 2020

NEW PROJECTS FILLING GAPS ESFRI
IN EUROPEAN RI CAPACITIES

The new entries in the Roadmap 2021 reinforce important areas of CHALLENGES
research in which insufficient capacities exist in Europe. They will STRATEGY FU
also make essential contributions to fostering research relevant for FUTURE

some of the key EU priorities, such as health, the Green Deal, digital S ———————————
transition or strengthening the EU social pillar. e e T s e

climate change and environmental sustainability,
cutting across scientific disciplines. These RIs require
multiple sites and mobile or virtual capacities. They
need to be conceived and deployed not only in the

AND
R THE

) EU but at a global scale that matches the scope of the
https://roadmap2021.esfri.eu targeted problems.
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Horizon 2020

PRA A ESFRI Projects Roadmap 2021

AP https://roadmap2021.esfri.eu
PAG
18 P» ESFRI PROJECTS
NAME FULL NAME TYPE LEGAL ROADMAP  OPERATION  INVESTMENT  OPERATION
STATUS (Y) ENTRY (Y) START(Y) COST (ME)  COST (ME/Y)
F— EBRAINS European Brain ReseArch INfrastructureS distributed AISBL. 2019 2021 2026° 3238 198
=
I
SLICES Scientific Large-scale Infrastructure for Computing/ distributed 2021 2024° 137K 65
Communication Experimental Studies
SoBigDatas++ European Integrated Infrastructure for Social distributed 2021 2030° 1305 50
Mining and Big Data Analytics
International Fusion Materials Irradiation Facility - single-sited 2018 2033° 8840 56.0
DEMO Oriented NEutron Source
Marine Renewable Energy Research Infrastructure distributed 2021 2030° 89 09
— DANUBIUS-RI International Centre for Advanced distributed ERIC Step1 2016 2024° 2025 239
E Studies on River-Sea Systems
3 DiSSCo Distributed System of Scientific Collections distributed 2018 2025° 4203 121
T
EC elLTERRI Integrated European Long-Term Ecosystem. critical zone distributed 2018 2026° 1500 50.0
z and socio-ecological system Research Infrastructure
W
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PRA ,\GA ESFRI Projects Roadmap 2021

Horizon 2020

P https://roadmap2021.esfri.eu
PAG
18 P» ESFRI PROJECTS
NAME FULL NAME TYPE LEGAL ROADMAP  OPERATION  INVESTMENT  OPERATION
STATUS (Y] ENTRY (Y)  START(Y) COST (ME)  COST (ME/Y)
2 EIRENERI Research Infrastructure for EnviRonmental distributed 2021 2031 2020 422
% Exposure assessmeNt in Europe
w3 EMPHASIS European Infrastructure for Multi-scale distributed 2016 2021 160.0 36
-I- Plant Phenomics and Simulation
—
ZE' EU-IBISBA European Industrial Biotechnology Innovation distributed 2018 2025° 526 651
E and Synthetic Biology Accelerator
METROFOOD-RI Infrastructure for promoting Metrology in Food and Nutrition distributed 2018 2020 1024 310
E:' % E-RIHS European Research Infrastructure for Heritage Science distributed 2016 2025 540 50
% E EHRI European Holocaust Research Infrastructure distributed 2018 2025 150 20
g’ § GGP The Generations and Gender Programme distributed 2021 2028" 182 1k
W= GUIDE Growing Up in Digital Europe: EuroCohort distributed 2021 2032° 5806 178
—
= OPERAS OPen scholarly communication in the European distributed  AISBL. 2019 2021 2029° 150 09
8 Research Area for Social Sciences and Humanities
w0
RESILIENCE RElgious Studies Infrastructure: tools. Innovation. distributed 2021 2034° 3184 95

Experts. conNections and Centres in Europe
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PRA ,\GA ESFRI Projects Roadmap 2021

Horizon 2020

oy https://roadmap2021.esfri.eu
PAG
18 P ESFRI PROJECTS

NAME FULL NAME TYPE LEGAL ROADMAP  OPERATION  INVESTMENT  OPERATION

STATUS (Y] ENTRY (Y)  START(Y) COST (M€)  COST (ME/Y)

EST European Solar Telescope single-sited 2016 2029° 2000 120

ET Einstein Telescope single-sited 2021 2035° 19120 370

EuPRAXIA European Plasma Research Accelerator distributed 2021 2028° 569.0 300

with Excellence in Applications
KM3NeT 2.0 KM3 Neutrino Telescope 20 distributed 2016 2020 196.0 30

 Two new entries in 2021: Einstein Telescope (ET) and EuPRAXIA
 EuPRAXIA is the only accelerator facility selected in the last 5 years

 EuPRAXIA is the first plasma accelerator facility ever included

PHYSICAL SCIENCES & ENGINEERING

PHYSICAL SCIENCES & ENGINEERING

R. Assmann - IFAST Workshop - 30 March 2022 56
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PRA A

ESFRI Landmarks Roadmap 2021

(Physical Sciences & Engineering)

PHYSICAL SCIENCES & ENGINEERING

Horizon 2020

ESFRI LANDMARKS (®

NAME FULL NAME TYPE LEGAL ROADMAP  OPERATION  INVESTMENT  OPERATION
STATUS (Y) ENTRY (Y]  START(Y) COST (M€) _ COST (ME/Y)
CTA Cherenkov Telescope Array single-sited gGmbH. 2014 2008 2024° 4000 200
EL!I ERIC Extreme Light Infrastructure single-sited ERIC, 2021 2006 2018 8500 800
ELT Extremely Large Telescope single-sited ESO* 2006  2027° 13090 480
EMFL European Magnetic Field Laboratory distributed  AISBL. 2015 2008 2014 1700 200
ESRF EBS European Synchrotron Radiation Facility single-sited ESRF* 2016 2020 1280 820
Extremely Brilliant Source
European European Spallation Source single-sited ERIC, 2015 2006 2026° 3.0090 1400
Spallation
Source ERIC
European XFEL European X-Ray Free-Electron Laser Facility single-sited European XFEL* 2006 2017 15400 1370
FAIR Facility for Antiproton and lon Research single-sited GmbH. 2010 2006  2025° NA NA
HL-LHC High-Luminosity Large Hadron Collider single-sited CERN? 2016 2027° 14080 136.0
ILL Institut Max von Laue - Paul Langevin single-sited ILL* 2006 2012 1880 1000
SKAO Square Kilometre Array Observatory single-sited SKAOQ. 2011 2006  2027° 19860 770
SPIRAL2 Systéme de Production d'lons Radioactifs single-sited GANIL 2006 2019 3073 52

en Ligne de 2e génération

R. Assmann - IFAST Workshop - 30 March 2022
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ESFRI Roadmap 2021

25

Accelerator
Facilities

Telescopes

Laser
Facilities
(ELI)

Reactor

neutrons
(ILL)

Magnet lab
(EMFL)

PRAI\GA (Physical Sciences & Engineering — Projects Red Triangles)
$ | o o
ESFRI: 17.3 B€ in Physical Sciences & Engineering
Cost 3500
(M€)
3000 ,x. ®
2500
2000 v P
1500 e
O -
1000
PRA A
500 '
Y YAUY YRS p— 2
0 @==—-==
0 5 10 15 20
Average project duration: 12.4 years Project Duration (Years)
Average project cost: 1.08 B€

Horizon 2020

¢10.1 B€ invest
* 730 M€ OP / year

¢ 6.0 B€ invest
*197 M€ OP / year

¢ (0.85 B€ invest
¢80 M€ OP / year

¢ (.19 B€ invest
¢ 100 M€ OP / year

¢0.17 B€ invest
*20 M€ OP / year
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Putting Projects into Operation

PRAI\GA (Physical Sciences & Engineering — Projects Red Triangles) oo a0t

-
B P

< <
tI]

< -
= *T

Projects & Landmarks ESFRI Roadmap - Physical Sciences & Engineering
o=l =1l e © 10.1 B€ invest

20000 1 1 1 1 anang
Invistment ! ! ! ! Facilities 730 M€ OP / year
COS 1 1 1 1
(M€) 18000 : : ! !
16000 roa : :
L ' | Telescopes ¢ 6.0 B€ invest
12000 | Placed on ESR : : St 197 M€ OP / year
oo A . i i | Crucial years for our
L | | | field: 2024 — 2027
10000 . | | FaLSIS,‘;’,;S ¢ 0.85 BE invest
1 1 1 1 | |
8000 . i i (ELI) * 80 M€ OP / year
E E i E Campleted
6000 1 1 1 1 o .
i i i i (afiter 2022 projection)
4000 ! | | nzeuatcrf;rs «0.19 B€ invest
2000 : : : :
0 R f !
2000 2005 2010 2015 2020 2025 2030 2035 2040 ¢0.17 B€ invest

Magnet lab
(EMFL) *20 M€ OP / year

Year
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PRA IA Outline

Horizon 2020

The Plasma Accelerator Context
The EuPRAXIA Objective

ESFRI and EuPRAXIA

EuPRAXIA as a User Facility

v [ ]

EuPRAXIA Implementation
EuPRAXIA Innovation
EuPRAXIA ESFRI Features

Towards Particle Physics
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Conclusion
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ropean Plasma Research Accelerator with eXcellence In Applications

Versatile — Designed for Users in Multiple Science Fields
Vz EuPRAXIA delivers:

. .
Compact N e Diagrost Ultra-short pulses of
Siiod sccoerater | oS S 8 et N tp oo

|  forHEP rays, up to 5 Ge

sources
‘ = electrons, high

Structural el i

PHOTON ACCELERATO positron energy positrons

bidlogy SCIENCE SCIENCE PHYSICS  sources

M g"ﬂ;ﬁg&t‘ MEDICAL INDUSa T
material STUDIES ACCELERATORS APPLICATIO‘[;I compact
analysis accelerators

S Novel laser
ar edic technology
machining R R : concepts

High energy
density
physics

proteins, viruses, bacteria, cells, metals, semiconductors, superconductors, magnetic materials, organic molecules

This project has received funding from the European
Union’s Horizon 2020 research and innovation
programme under grant agreement No 653782.
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iPRAYA

Probing for New Particles
and Forces

THE 205 TIMES

Higgs celebrates ‘God particle’ discovery

Understanding
fundamental laws

Horizon2020

Producing X Rays for

Inspection

Horizon2020

a PiRA/‘, IA*

Irradiating and Destroying

_ Tumor Cells.
(i 355

y

ol
l-
| Horizon2020

@4

Nuctech (China) X-Ray radiography — Cargo
inspection with a compact
6 MeV linear electron
accelerator

Protecting people

PRA 1A

Prodt;cing Light and Filming

Molecular Movies

Horizon2020 |

Era of Crystalline Matter yousrehere  Era of Complex Matter

Ordered Structures Locally Ordered Structures
Equilibrium Phenomena Nonequilibrium Phenomena

Phase Diagrams

Transient States

State of the art
accelerators for the
best light possible

Synchrotron radiation X-Ray Lasers acc.

from accelerators + High Brilliance SR acc.

om the European

innovation

_ogramme under granf agreement No 653782.




PRA(IA EUPRAXIA Deliverables and User Interests

7

EuPRAXIA is designed to
deliver at 10-100 Hz ultra-

short pulses of

* Electrons (0.1-5 GeV, 30 pC)

* Positrons (0.5-10 MeV, 10°)

* Positrons (GeV source)

e Lasers (100J, 50 fs, 10-100 Hz)
* Betatron X rays (5-18 keV, 1019)
* FEL light (0.2-36 nm, 10°-10%3)

Expressions of interest from 95
research groups representing

several thousand scientists in total.

R. Assmann - IFAST Workshop - 30 March 2022

23%

Plasma

physics,

plasma
accelerators

.as a test

facility. .

for new
developments
21%

23%

9%

Accelerator Life sciences

technology, (biology,
photon chemistry,
science medicine)
technology

.for fundamental
research
36%

for applied research
28%

Horizon 2020

Expressions of interest by scientific field

15%
13%
10%
7%
1%
Material Laser High-energy Medical Hentage
science, technology physics, physics sciences
material nuclear (archaeology,
engineering physics history)
Expressions of interest by country
0, 0,
19% 17% 19%
14%
6%
4% 3y, 4% 4%
I L R Y Y T
> ) " S @ S > g
<§° 0\9 «\?' & & 00?’ Q&\ R ARG & %@“ &
¢ X & F o P
b @‘\ X N4
@ g 0(\
N (@
63



ropean Plasma Research Accelerator with eXcellence In Applications

Functionality Demonstrated: Free Electron Laser

. Breakthrough LNF,
| Energy gain along the undulators: SIOM:

T T T

| & Data Experimental proof
| ——Fit [ that plasma

| ~-A- Simulation o accelerated electron
i ' beams are good
enough for free-

: electron lasers (and
M. Ferrario et al, LNF-INFN colliders?)

Submitted to Nature

1 | 1

10 11 12

This project has received funding from the European

o Union’s Horizon 2020 research and innovation
programme under grant agreement No 653782.
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European Plasma Research Accelerator with eXcellence In Applications

Already working today: Medical Imaging

Laser-wakefield accelerators as
hard x-ray sources for 3D
medical imaging of human bone

JM. Cole-, J.C. Wood, N. C. Lopes, K. Poder, R. L. Abel, S. Alatabi, J. S. J.
Bryant, A. Jin, S. Kneip, K. Mecseki, D. R. Symes, S. P. D. Mangles & Z. Najmudin

a
g
o
;

Scientific Reports 5, Received: 29 January 2015
Article number: 13244 (2015) Accepted: 20 July 2015
doi:10.1038/srep13244 Published online: 18 August 2015

from J.M. Cole et
al, John-Adams-
Institute, UK

Figure 3. Images of the bone sample recorded with a)
the betatron x-ray source b) conventional puCT scanning c)
composite macro photography d) virtual illumination of the 3D
reconstruction by a source of E.rj; = 33keV.

Laser plasma based
betatron X ray source

Union’s Horizon 2020 research and innovation
programme under grant agreement No 653782.

This project has received funding from the European
-,‘/)Ij\{ R. Assmann - IFAST Workshop - 30 March 2022 -
- >
<< <
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"Ily plasma-based beamline for
generating betatron radiation as a
compact X-ray source for medical
imaging and material analysis.
The user area is behind the wall on
the right.

EuPRAXIAYfacilityjrendering/picture
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European Plasma Research Accelerator with eXcellence In Applications

Positron Annihilation Spectroscopy
(Quantity | BaselineValwe

10mm Courtesy M. Butterling, HZDR Low-Energy Positron Source
1 mm Positron energy 0.5-10 MeV (tunable)
Energy bandwidth +50keV
100 pym Beam duration 20-90 ps
Optical — " Beam size at user area 2-5mm
2 10 pm Microscopy neutron Positrons per shot > 10°
B scattering
g 1pm | ‘ X-Ray | :
. STM | | Scattering - EuPRAXIA would provide access
100nm 1 aem | B8 TEM to unique regime of detecting
10 nm | small defects at large penetration
- depths
| Positron Apnihilation Spectroscopy . . :
* Does not require highest quality
0.1 nm _
of electron beam
0.1inm 1nm JOnm 100 nm 1pm 10 ym 100 pm 1 ::im 10 mm
Y. el e PRAXIA Gianluca Sarri et al
existing
R. Assmann - IFAST Workshop - 30 March 2022 - Union's Liorizon 2020 research an inovaton -

programme under grant agreement No 653782.




’}\ Fully plasma-based beamline for generating electron and positron

*
* ) s
beams. The accelerator stages can be seen in the front. In the back \/ :
the beamline splits and leads to two user areas behind the back wall. E U PRA} IA

it s S S e



PRA IA Outline

Horizon 2020

The Plasma Accelerator Context
The EuPRAXIA Objective

ESFRI and EuPRAXIA

EuPRAXIA as a User Facility

v [ ]

EuPRAXIA Implementation
EuPRAXIA Innovation
EuPRAXIA ESFRI Features

Towards Particle Physics
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Conclusion
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Co-funded by the
European Union

Advisory & Oversight Boards Collaboration Board

1 representative per Member & Observer
1 Chair and 1 Deputy Chair

Project Coordinator

Resource Review Board + Management Team

Quality Assurance Panel

Central EUuPRAXIA Management

Ethical Advisory Board

Construction Site Frascati
Local Project Team I

Beam-driven plasma accelerator
Delivers FEL light, X rays, electrons, positrons
Life sciences, particle physics, medicine, materials

INFN-LNF

Location: metropolitan
area Rome, ltaly

Construction Site
(tbd in 2023)

Local Project Team

Laser-driven plasma accelerator
Delivers FEL light, X rays, electrons,
positrons
Life sciences, medicine, materials

Four candidate sites described in
conceptual design report

Excellence Centres
Local Project Teams

Laser-Plasma
Acceleration &
FEL
Developments

Plasma
Simulations & &5
Theory

Plasma
Acceleration &
High-Rep-Rate
Developments

Advanced
Application
Beamlines

|
ZIs

Technology ‘
Incubatorto "

Laser Science
Users

Technical design
tests, prototyping,
production

EuPRAXIA
usere-neeqs R
infrastructure

Beamline
Components Paths

Theory &

Simulation | | Technology

Magnets & Transfor-

Other : : _ mative
Diagnostics | | Applications o

Training, Implemen- ‘

tation &
Layout

Outreach
& Dissemi-

Technical Design

nation Report

Organization for initial Preparatory Phase in dark blue

National projects and facilities

Individual groups at universities

and laboratories

Horizon 2020

uonejuawajdw



PRA A EuPRAXIA Schedule
N Horizon 2020
] 2021 2023 2028 2031 2062
i, A o e, O _< >7
NS N2 N N
2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030 2031 2032 2062 2063 2064
O—O0—O0—0—0—0—0—0—0—0—0—O0—O— e
ESFRI
2021 Roadmap EU - Preparatory phase <>TDR
application ESFRI Application .
o outcome P |[Mplementation Phase =
LL ' .
7+ ; P Qperational Phase =————t¢
: : 1 _
: 5 : Decommissioning

EuPRAXIA Master Schedule

ESFRI Application
outcome

SUCCESS — ON TRACK

R. Assmann - IFAST Workshop - 30 March 2022

European World- e

Class Rl on compact

accelerators for the

end of the 2020's to the
beginning of the 2060°s

More detail
in Master
Schedule

U - Prepartory phase TOR

Ph

ase 4
P Operational Phase =g
i : N ———
: Decommissioning

.....




PRA IA

Construction Site Frascati
Local Project Team I

Beam-driven plasma accelerator
Delivers FEL light, X rays, electrons, positrons
Life sciences, particle physics, medicine, materials

INFN-LNF

Location: metropolitan
area Rome, Italy

Concept Distributed Research Infrastructure

Construction Site
(tbd in 2023)

Local Project Team

Laser-driven plasma accelerator
Delivers FEL light, X rays, electrons,
positrons
Life sciences, medicine, materials

Four candidate sites described in
conceptual design report

Horizon 2020

Excellence Centres
Local Project Teams

Laser-Plasma
- Acceleration &
® FEL

Developments

Plasma
Simulations &
Theory

Plasma
Acceleration &
High-Rep-Rate
Developments

Advanced
Application
Beamlines

AN P
ZI

Technology l

Incubatorto N

Laser Science
Users

Technical design
tests, prototyping,
production

EuPRAXIA
user e-neeqs NN
infrastructure

R. Assmann - IFAST Workshop - 30 March 2022
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SCAPA ‘
P4 QUEEN'S \_,/
UNIVERSITY % ATHENA

NG BELFAST < \—/

Imperial College
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e

ZBLC |
& ELA/ CLARA
&T h ology - -
\ - I[
, * 4 HELMHOLTZ 7
Sk A
e Central Laser Facility,
Sl )
P '5.3' UNIVERSITY OF d.l beamlines
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N
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Single-Entry Point for Access, Alighment of
European Resources

Horizon 2020

Bringing benefits of compact
technology to external users

Alignment of scientific goals
& resources

Single point of
PRA IA access under
/\ EuPRAXIA rules
Policy of open innovation

and open science

Defending and strengthening EU leadership
in this field (world-wide 15t Rl concept of this kind)
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Horizon 2020

PRA (iA Site 1: EUPRAXIA@SPARClab

"‘g v - ” -'/ "\‘ 2 '1‘ &
2 ‘$ "-.. ‘ . : - &

* Frascati's future facility

e >108 M£ invest funding

e Beam-driven plasma
accelerator

* Europe’s most compact
and most southern FEL

* The world's most
compact RF accelerator

(X band with CERN)

2
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PRA A Reminder: Candidate 2" Sites from CDR

- _—a
P rague, Next step: 1.2 GeV / ‘water-window’ compact-FEL
’) )' Research campus user operation
'I Czech
beamlines Republic
: P s S—

~ 110 m of the
shielded experimental area
with possible extension

CONSTRUCTION SITE FOR

ES experimental hall

Horizon 2020

4+ LASER-DRIVEN PLASMA ACCELERATION

\

PRAIA @ EPAC

Rutherford, STFC, UK

Y ONIRIND

NE
University o ~ University of
Strathdyde \ 325t /;:ndrews

T QUEENS 7 /
bag i S 4 ik
Lancdstcrm MANCHESTER

niversity * *®
oniversity © . PWASC

oLniiLs

VYN OIT9ISNOD

ASTeC

%""g Imperial College
ondor ) CB

JHOY3OIY 3717130 3TVYNOIZ
VYOI110 10 3TVYNOIZVN

CNR Campus Pis

W)
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PRA IA

Legal/Political

Technical

Selection Criteria 2" EuPRAXIA Site

(from CDR, fulfilled by 15t Site LNF/INFN)

Horizon 2020

Compliance of host institution with
EuPRAXIA Access Policy

Site provides sufficient space (about
175 m x 35 m)

Financial

Commitment to sustainability of
EuPRAXIA (host lab covers site

operation costs)

Compliance of host institution with
EuPRAXIA Open Innovation and
Open Science Policy

Laboratory has infrastructures in
one or several of RF accelerators,
laser installations, user access.

Previous investments into local
infrastructures of relevance for
EuPRAXIA (leverage effect)

Agreement of host institution with
the long-term scientific agenda of
EuPRAXIA

Site provides required services and
facilities for support of external
users, including E infrastructure

Existence of one or a mix of funding
sources able to finance
implementation of the site

Laboratory has existing groups in place to guarantee safety
requirements (laser, radio-protection, access control) and rules

R. Assmann - IFAST Workshop - 30 March 2022

Note: approach reduces cost (pre-invest)
and risks of cost-overun.
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IMPORTANT: EuPRAXIA design includes RF injectors, transfer lines, undulator lines, shielding, ...

Realistic intermediate goals at established labs: | |
* 150 MeV - 1 GeV = 5 GeV (FEL + other applications) .
1 plasma stage = 2 plasma stages = multiple

e factor 3 facility size reduction - factor 10 - ...

* Low charge, 10 Hz apps of e- (+ positron generation) ~— -—
- high charge, 10 Hz applications (FEL) = 100 Hz . i



*

PRA /‘@q Phased Implementation of Construction Sites

Horizon 2020

INFN (Italy):
Facility for beam-driven FEL user area 1 ]
plasma accelerators Undulator Undulator
Consider a phased implementation  Plasma FEL user area 2 ]
ccelerator
of beamlines and user areas to - - ICS X-ray source
reduce risks and control costs better injector ¥ Accelerator | user area (BU3)
[ HEP detector test ]
el |aSEY _,  Plasma Conversion & ™ R
Accelerator conditioning  wefp| GeV-class positron
) clectrons [ Lser area ]
el POSIitrons

Facility for laser-driven

plasma accelerators

Life-science & materials X-
ray imaging user area

= Plasma INjector m—)

[ Table-top test beam \
Plasma Conversion & ey user area

J
Accelerator conditioning =P tracompact positron |
source user area

=== Plasma Injector

Sl FEL user area 1

= Undulator Undulator > <
—)  Accelerator

FEL user area 2

RF Injector
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PRA IA

2

Laser-driven Beam-driven

Phase1l VY FELbeamlineto1l GeV Vv FEL beamlineto1
+ userareal

GeV + user area 1

v Ultracompact positron v GeV-class positrons
source beamline +
positron user area

beamline + positron
user area

Phased Implementation of Construction Sites

Horizon 2020

INFN (Italy):

Facility for beam-driven

Beamline BB-A: Radiation sources
FEL user area 1
plasma accelerators

Undulator

Plasma
Accelerator

RF RF
Injector -»> Accelerator |

Plasma
——) [aser —p>
Accelerator
) clectrons
=l DOSItrons

Conversion &

conditioning  wefp| GeV-class positron
user area
Beamline BB-B: GeV-class positrons & HEP detector test stand

R. Assmann - IFAST Workshop - 30 March 2022

Facility for laser-driven

plasma accelerators

Beamline LB-B: Positron beam source & table-top test beam

. Plasma Conversion &
Plasma Injector

Accelerator conditioning Ultracompact positron
source user area
FEL user area 1
Plasma [ ]
= Undulator A
—)  A\ccelerator

RF Injector

Beamline LB-A: FEL
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PRA AéA

2

Laser-driven Beam-driven

Phase1l VY FELbeamlineto 1 GeV

+ userareal

v’ Ultracompact positron

source beamline +
positron user area

v' FEL beamline to 1
GeV + user area 1

v" GeV-class positrons
beamline + positron
user area

Phase 2

v’ X-ray imaging
beamline + user area

v’ Table-top test beams
user area

v' FEL user area 2
v FELto 5 GeV

v ICS source beamline +
user area

v' HEP detector tests
user area

v' FEL user area 2
v  FELto 5 GeV

Phased Implementation of Construction Sites

Horizon 2020

INFN (Italy):

Facility for beam-driven
plasma accelerators

RF RF
Injector

) [aser

) clectrons
el POSIitrons

—
Accelerator

Undulator

Plasma
Accelerator

FEL user area 1

|

Undulator

FEL user area 2

]

ICS X-ray source
user area (BU3)

_

Plasma
Accelerator

Conversion & _>[

HEP detector test
user area

|

conditioning _p[

GeV-class positron
user area

]

=== Plasma Injector

= Plasma INjector m—)

Facility for laser-driven

Life-science & materials X-
ray imaging user area

plasma accelerators

Plasma
Accelerator

Plasma

Conversion &
conditioning

ﬁ\

[ Table-top test beam \

user area

===>( Ultracompact positron |

source user area

7

FEL user area 1

\.

= Undulator Undulator > <
—)  Accelerator

FEL user area 2

RF Injector
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PRA /@\ Phased Implementation of Construction Sites m

Horizon 2020

2

INFN (Italy):

Facility for beam-driven FEL user area 1 ]
Undulator Undulator

. . plasma accelerators
Laser-driven Beam-driven - Plasma FEL user area 2 ]
Accelerator

Phase1l VY FELbeamlineto1l GeV Vv FELbeamlineto1 - . ICS X-ray source
- _
+ user area l GeV + userarea l Injector =) Accelerator user area (BU3)
v i v A i
UItracoanac'Ic.posnron Eev cllgss posﬂrons [ ECEEE—— ]
source beamline + eamline + positron —
N Q€amine +p —)p  |aser Plasma Conversion & userarea
positron user area user area Accelerator o ;
conditioning —}[ GeV-class positron ]
- - - ) clectrons
Phase 2 Y X-ray imaging v" ICS source beamline + , user area
3 - el POSIitrons
beamline + user area user area
v’ Table-top test beams v HEP detector tests Facility for laser-driven
lasma accelerators
user area user area BT - Life-science & materials X- P
v FEL user area 2 v FEL user area 2 ray imaging user area
/ 4 \
v  FELto 5 GeV FELto 5 GeV Table-top test beam
Phase 3 v High-field physics v Medical imaging —)p Plasma Injector . Plalsmi Comﬂsmh & > uderarea )
. . ccelerator conditionin — ; h
beamline / user area beamline / user area g Ultracompact positron
source user area )
v’ Other future v’ Other future > \
developments developments Plasma AL St e &
= Undulator Undulator > <
: m—  Accelerator
RF Injector FEL user area 2
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Future development paths & potential long-
term science program activities

PRA /\dA

1. High power laser technology

: " 2. Accelerator technology
1.1 High repetition rate

2.1 Staging towards high energies
1.2 High average power SHis SO = £ S—
2.2 Compact diagnostics .

2.3 Hybrid plasma acceleration & "'
other novel injection concepts

2.4 Beam control & quality
3. Plasma-based FEL = W 2.5 Ultrashort beams
3.1 Higher photon flux

3.2 Lower wavelength

3.3 Compact beamline com- " . development & application
ponents (undulators, magnets, etc.) 4.1 Medical imaging

3.4 Ultrashort beams 4.2 High-energy physics detectors

3.5 Seeded FEL 4.3 Material analysis (cargo scanning, structural ana yis)

4.4 Positron generation and acceleration

R. Assmann - IFAST Workshop - 30 March 2022



PRA IA Outline

Horizon 2020

The Plasma Accelerator Context
The EuPRAXIA Objective

ESFRI and EuPRAXIA

EuPRAXIA as a User Facility

EuPRAXIA Implementation
EuPRAXIA Innovation
EuPRAXIA ESFRI Features

Towards Particle Physics

Conclusion

R. Assmann - IFAST Workshop - 30 March 2022 83



Horizon 2020

pRA/gA Examples of EUPRAXIA Ideas and Innovation

fT—

1301 (2020)

PHY
g AND BEAMS 23, 03 SICAL REVIEW LETTERS

EW ACCELERATOR 123, 054801 (2019)

PHYSICAL REVI

gh beam Compact Multistage Plasma

I beam energy With hi -Based A

ig Corre]ated ccelerat .
elerator at h . Energy § or Design f,
a-based acc : it 8Y Spread : gn for
Toward a plasm charge and high beam quality . A. Ferman Pouy, 12 4 Compensatiop,
) . 4 A In, - Martinez de |, 1
PR adroni, B. Cros, ) 5 Deutsches Elelrr € la Ossg R .
' 3 ancé®, E. Chia 5 8 i o ektrone, - Brinkmann !
.om®." R Assmann;d A. Beck, 4A' C:]dgcizzi *B. Hidding. P. ll,ee, 2 L"4 sttt fir Expe ”""""“//)‘/z,\l s,SA‘"‘JZ'f’.’ "on DESY, 22607 Hal;r:zz;l,.z,]nd~R' W. Assmanp'
P.A.P. Nighlem s Pc')uqa" 2020 A Giribono, L. o > ’ T 5 A. Mosnier, S. ROmCOiu (Received 20 November 5 Uversitis Hamlmrg_ 22767 H(f,' [C’(’I'I)IIIII_\.
M. Ferrario,” A. Ferran FOES 2 g Massimo®,” G. Maynai™ I Vieira, and 1. Zhu er 2018: ravio~s mbure. Cove...

: aOssa,” g s :
? A. Martmel de la 2:1 n Tnmacﬁin1.6 G Vd(,(,dl'ezzd»

PHYSICAL REVIEW ACCELERATORS AND BEAMS 22, 111302 (2019)

A. Marocchino,
{}

. 10 ilval
si, T. Silva’ preeN
A.R. Ros ICEA, II {@3@] instruments

Atticle . . High quality electron bunches for a multistage GeV accelerator
Wavelength Scallng Of Laser Wakefleld Accelel‘at with resonant mulﬁpulse ionization injection

for the EuPRAXIA Design Point

.. 1k . . 2 p <3 . 4
Paolo Tomassml,l Davide Terzani :,' Luca Labatc:,l Guido Toci,” Antoine Chance,

PHYSICAL REV] Craig W. Siders, Thomas Galvin *, Alvin Erlandson, Andrew Bayramian, Brendan Reag; Phu Anh Phi Nghiem ,4 and Leonida A. Gizzi'?
Emily Sistrunk, Thomas Spinka and Constantin Haefner 'Intense Laser Irradiation Laboratory, INO-CNR, Via Moruzzi 1, 56124 Pisa, Italy

Lawrence Livermore National Laboratory, 7000 East Avenue, Livermore, CA 94551, USA

* Correspondence: galvin7@lInl.gov
p g g Photon beam line of the water window FEL for the
EuPRAXIAQSPARC LAB project

F Villa!, A Balerna!, E Chiadroni!, A Cianchi??, M Coreno!?, S
Dabagov!?°, A Di Cicco’, R Gunnella’, A Marcelli"*%, C
Masciovecchio?, M Minicucci’, S Morante?, J Rezvani', T
Scopigno!’!!l, F Stellato®?, A Trapananti’

! Istituto Nazionale di Fisica Nucleare (INFN) Laboratori Nazionali di Frascati, vi
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Horizon 2020

PRA A vl

Is it really useful beam?

Remarkable progress — faster than planned for:

It can drive an FEL lasing process —
sufficient coherency!



PRA IA Nature July 2021

Horizon 2020

Article | Published: 21 July 2021

Free-electron lasing at 27 nanometres based on a laser

I‘I atu re wakefield accelerator

”RPCA[CT @ Wentao Wang &, Ke Feng, Lintong Ke, Changhai Yu, Yi Xu, Rong Qi, Yu Chen, Zhiyong Qin, Zhijun

Zhang, Ming Fang, Jiaqgi Liu, Kangnan Jiang, Hao Wang, Cheng Wang, Xiaojun Yang, Fenxiang Wu, Yuxin

lI Sma hnc\t (l eration

Leng, Jiansheng Liu &, Ruxin Li & & Zhizhan Xu

Nature 595, 516-520 (2021) | Cite this article

Recent ground-breaking result in China

500 MeV electron beam from a laser wakefield accelerator

S—— FEL lasing amplification of 100 reached at 27 nm wavelength
Nature, 595, 561 (2021). (average radiation energy 70 nJ, peak up to 150 nJ)
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PRA /\@q Nature Coming Soon (Accepted)

Horizon 2020

e First SASE-FEL Lasing at SPARC_LAB

in a beam-driven plasma

\ S | accelerator
| s

V4 QUEEN'S
UNIVERSITY
| YARLC
ﬁnouz
" PRA /\6 A

VELA /CLARA

Sce ce &Tech nology
\ S fac

g’ BELFAST
beamlines

O ¢
Central Laser Facility
SRR UNIVERSITY OF =

© OXFORD )

Imperial College

Cilex Apollon : //.// > LE]L

\ conne
@1&5&5&9 | (3 we>) (@
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PRA /‘@q SPARC_LAB at Frascati

<}t{< Grating iccb

Horizon 2020

FEL spectrum EOS trace

Quads
. E EOS
4 Plasma DW
Yy e 4 “-mﬁ.go
" Dipole PMQ : : PMQ
ol
Energy spectrum

SPARC LLAB is the test and
training facility at LNF for
Advanced Accelerator
Developments (since 2005)

Undulators
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PRA ,dA Assisted Beam Loading Energy Spread Compensation

Horizon 2020

Pompili, R., et al. "Energy spread minimization in a beam-driven
plasma wakefield accelerator.” Nature Physics (2020): 1-5.

energy spread compensation

e Achieved 4 MeV acceleration in

g 40| : :
2 | 3 cm plasma with 200 pC driver
520}
8 10| : .
o 13& ~133 MV/m accelerating gradient

92 925 93 935 94 0.05 0.1 0.15 0.2 0.25

Sl mRadiNe) 2x10% cm? plasma density
ol | E = _ — demonstration of
Driver 50 150 250

counts

£ during acceleration

4t Witness -
E LA . . Energy spread reduced from 0.2% to
= i y: ’ 0.12%

2 o | :

99.5% energy stability
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PRA ,\GA Nature Coming Soon (Accepted)

Horizon 2020

5 T T T T
i Single Spike SASE spectrum First SASE-FEL Lasing at SPARC_LAB
E | i in a beam-driven plasma
4r T a T
= L W accelerator
3 i J\\ .
780 800 820 840 860 88

Wavelength (nm

102 El T T T T T T T T T T E
‘| @ Data
101 | —Fit
o~ - |—-A-— Simulation
- L
c 0 i
. = 107 ¢ =
FEL Energy gain along the undulators: S
290 E
L
107
10-3 1 1 1 1 1 | 1 1 1 1 1 1

3 4 5 6 7 8 9 10 11 12 13
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PRA ,\GA Solving Energy Spread (Touschek Prize 2020)

Electron beam Ref.: Ferran Pousa, Martinez de la Ossa, Brinkmann, Assmann
PRL 123, 054801 (2019) Not to scale. Compact setup 1.5 m.
Laser 1 s
g
herent synchrotron Radiation Plasma mirror >
con SR) and Space-Charge (coupling of laser
: (c d 2) plasma accel-
Plasma mirror checke stage
(laser 1|) Active plasma lens
remova hicane
\‘\ ,'/ ) ens
plagma accel Active plasma !

I

stage 1,_’

... flipping phase space
in the middle before

Accelerating in a
plasma stage and...

—»

second plasma stage

B
< <
. i o — — — — — — - — o o o o = — o o -
EN -
£
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Horizon 2020
6.00 €

1.97%
5.75 '
5.50 Hm—
5:25 A\ .

0.12%
5.00
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PRA /‘GA

™ DIPOLES >
-&‘“ S . oW pev €

- 0.7 — total b)
N —==glice
wg 067 J -
3 P ”,-— e ——1=T S 7
0 5 E |—-[‘—"'|—__ | | ] i - j 5
' ' —= S c)
10—2 F ______________
>. ot
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e} :
1073 === Slice
< > 250 Mev
(0]
9 (
S / | 5.49 GeIV d)

0 1 1 1 1
000 025 050 0.75 1.00 1.25 1.50
z[m]

Much better than a single stage performance

Low Energy Spread with 2 Stages

Ref.: Ferran Pousa, Martinez de la Ossa, Brinkmann, Assmann. PRL 123, 054801 (2019)

y [GeV]

=
=
o}

Horizon 2020

— 2 [ Trum =5 fs’ l a) |
< Ipeak = 2 kA ‘
-0 : l : S |
6.00 F b) | c) |
1.97%
5.5 [ _ / i
5.50 B N.\, 7 b———‘
5325 | Single LWFA . A\ -
® Two LWFAs with chicane 0.12%
5.00 t . , | I .-
-2 0 2 0 1
Z [um] N [arb. u.]
102 d) ' ' ' ' '
/ Single LWFA
= Two LWFAs with chicane
10_3 1 1 1 1 1
0 1 2 3 4 S

y [GeV]

Prize to pay: control beam dynamics in the chicane 2 micro-bunch instability to be controlled (known from big accelerators)

R. Assmann - IFAST Workshop - 30 March 2022
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EGIQIQA)}{GA Solving Energy Spread

= > =
< <
el
< -
= *1 =
£ 4 4

Horizon 2020

1-500 pC Energy Spread

EuPRAXIA points indicate
start-to-end simulations

Future particle
collider proposals

-

-
-
\-—_——

300 - 400 pC
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s :
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'b‘ 2
g :
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>
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ropean Plasma Research Accelerator with eXcellence In Applications

Beam Transport Design

Phasma

* Here: high energy
beam transport
over 8 meters

* Preserved beam
quality is achieved
in the design

 Space has
important benefits

=
N

T
i
—

o
O/E[10~3]

o
o

A. Chance et al

°©
@

programme under grant agreement No 653782.

n n This project has received funding from the European
: %\ R. Assmann - IFAST Workshop - 30 March 2022 - Union’s Horizon 2020 research and innovation
> >




ropean Plasma Research Accelerator with eXcellence In Applications

Solve external timing for laser-driven plasma acc.

External injection into a laser-driven plasma
accelerator with sub-femtosecond timing jitter

, R Assmann’!, R Brinkmann! and A Martinez de

a U

1 DESY, 22607 Hamburg, Germany
2 Universitdt Hamburg, 22761 Hamburg, Germany

E-mail: angel.ferran.pousa@desy.de

e beam

{ — Quadrupoles
% ,f . — Dipoles
J H — Mirrors

Figure 1. Schematic view of the synchronizing stage.

n n This project has received funding from the European
: q‘\ R. Assmann - IFAST Workshop - 30 March 2022 - Union's Horizon 2020 research and innovation
> >

< 1< 4

programme under grant agreement No 653782.




PRA ,\GA Spin Polarization | Hybrid Plasma Accelerators

* e+e- colliders and physics reach enhanced by spin
polarized beams

* International Partners: Germany, Greece, China, and
USA - facilities involved at FZJ, Shanghai, ...

Snowmass 2021 — Letter of Interest Aug/31/2020

Polarized targets for laser-plasma applications

M. Blscher!?, A. Hiitzen'?, J. Boker?, R.W. Engels?, R. Gebel?, A. Lehrach®#, P. Gibbon®,
A. Pukhov®, R.W. ABmann’, T.P. Rakitzis®? L. Ji'®!, T. Schenkel*?, X. Wei'?

! peter Grunberg Institut (PGI-6), Forschungszentrum Julich, 52425 Jilich, Germany

2 Institut fir Laser- und Plasmaphysik, Heinrich-Heine-Universitat Diisseldorf, 40225 Diisseldorf, Germany

3 Institut fUr Kernphysik, Forschungszentrum Jiilich, 52425 Jiilich, Germany

“ JARA-FAME Forschungszentrum Julich and RWTH Aachen University, 52056 Aachen, Germany

* Institute for Advanced Simulation, Jilich Supercomputing Centre, Forschungszentrum Jilich, 52425 Jilich, Germany

S Institut fiir Theoretische Physik I, Heinrich-Heine-Universitdt Diisseldorf, 40225 Diisseldorf, Germany

7 DESY, NotkestraRe 85, 22607, Hamburg, Germany

#Department of Physics, University of Crete, 71003 Heraklion-Crete, Greece

9 Institute of Electronic Structure and Laser, Foundation for Research and Technology-Hellas, 71110 Heraklion-Crete, Greece

10 State Key Laboratory of High Field Laser Physics, Shanghai Institute of Optics and Fine Mechanics, Shanghai 201800, China

11 CAS Center for Excellence in Ultra-intense Laser Science, Shanghai 201800, China

12 Accelerator Technology and Applied Physics Division, Lawrence Berkeley National Laboratory, Berkeley, California 94720, USA
13 Thomas Jefferson National Accelerator Facility, Newport News, VA 23606, USA

R. Assmann - IFAST Workshop - 30 March 2022

Horizon 2020

Use a laser-generated electron beam for driving
plasma wakefields in a second stage = HQ electron
beam from ultra-compact setup

Several facilities involved at HZDR, Strathclyde, ...

Hybrid LWFA-PWFA staging (LPWFA) as a
beam energy and brightness transformer

Arie Irman
Helmholtz-Zentrum Dresden— Rossendorf

Sebastien Corde’, Andreas Dopp?, Bernhard Hidding®, Stefan Karsch?, Alberto
Martinez de la Ossa®, Ulrich Schramm® - for hybrid LWFA-PWFA collaboration

" LOA, ENSTA Paris, CNRS, Ecole Polytechnique, Institute Polytechnique de Paris, 91762 Palaiseau, France
2 L udwid-Maximilians-Universitat Minchen, Am Coulombwall 1, 85748 Garching, Germany

3 The Cockcroft Institute, Keckwick Lane, Daresbury, Cheshire WA4 4AD, United Kingdom

4 University of Strathclyde, 107 Rottenrow, Glasgow G4 ONG, United Kingdom

5 Deutsches Elektronen-Synchrotron DESY, NotkestralRe 85, 22607 Hamburg, Germany

6 Helmholtz-Zentrum Dresden — Rossendorf, Bautzner LandstraRe 400, 01328 Dresden, Germany

SnowMass2021- AF6 Oral Session 24 September 2010

,l“?" * - . / ";’\
A X > ( Desy |
/ (ISl MU %&Cbﬂﬂ‘.llﬁ;&"ﬁ oY R

- - —
m ACCELERATOR RESEARCH & DEVELOPMENT I-ILDR

Member of the Heimholtz Associabion

Institute of Radiation Physics

96



PRA IA

-y
N
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1

Energy after 9.4 mm [MeV]
5 8

d
d
o

Limits in Energy Spread
Gedankenexperiment — Zero Bunch Length Horizon 2020

Infinitesimally short bunch will not see any slope of accelerating voltage

ny=10"7cm?-3

d
S
o
T —

100}

™ ° B ! | [
= 12 o Here, longitudinal
E ! field independent of
y = 10} il radial position
i o - ® A
e wl Zero bunch length -
& i all particles at same
@ © [ . .
o 6F " 1 longitudinal coord.
S [ and see the same
. 8 Ll acceleration.
o 4 o o
> | . j
e 15pC \9\2N e 705umofiset 1 why does energy
o v 4pC - é & SOOpEMOINGE spread not go to
'L [TEPEITS PUTTIR SPRPAPITT (PRI (D OEH IR PP AP zero for zero bunch
40 50 60 70 80 90 0 2 4 6 8 10 12 length?
Offset [um] Bunch length [um]
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Limits in Energy Spread

PRA/xéA Strong plasma focusing: Betatron motion

. A plasma has a very strong focusing field in
both planes.

* Focusing strength and phase advance
depends on plasma density.

G (um)

« Experiment with a beam-driven plasma at
SLAC in 2001: Send an electron beam into a
plasma and measure beam sizes at exit point.

VOLUME 88, NUMBER 15 PHYSICAL REVIEW LETTERS 15 ApriL 2002

Transverse Envelope Dynamics of a 28.5-GeV Electron Beam in a Long Plasma

G_(um)

C.E. Clayton, B.E. Blue, E. S. Dodd, C. Joshi, K. A. Marsh, W. B. Mori, and S. Wang
University of California, Los Angeles, California 90095

P. Catravas, S. Chattopadhyay, E. Esarey, and W.P. Leemans
Lawrence Berkeley National Laboratory, University of California, Berkeley, California 94720

R. Assmann,* F.J. Decker, M.J. Hogan, R. Iverson, P. Raimondi, R. H. Siemann, and D. Walz
Stanford Linear Accelerator Center, Stanford University, Stanford, California 94309

T. Katsouleas, S. Lee, and P. Muggli’

University of Southern California, Los Angeles, California 90089
(Received 9 October 2001; published 2 April 2002)
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Limits in Energy Spread

PRA/‘GA Strong plasma focusing: Betatron motion and X rays forion 202

matched into a plasma, we expect strong
beta mismatch oscillations of the beam
size. 30

(

« The oscillating electrons should radiate X

rays.

* This was seen in a SLAC experiment in £ 20

2001.

 Plasma acts as undulator!

!
)

10

VOLUME 88, NUMBER 13 PHYSICAL REVIEW LETTERS 1 ApriL 2002

Wil

N

X-Ray Emission from Betatron Motion in a Plasma Wiggler

Shuogin Wang,! C.E. Clayton,' B.E. Blue,' E.S. Dodd,! K. A. Marsh,! W.B. Mori,' C. Joshi,! S. Lee,2 P. Muggli,2
T. Katsouleas,? F.J. Decker,® M. J. Hogan,? R. H. Iverson,? P. Raimondi,> D. Walz,? R. Siemann,? and R. Assmann*
! University of California, Los Angeles, California 90095
2University of Southern California, Los Angeles, California 90089
3Stanford Linear Accelerator Center, Stanford, California 94309
*CERN, Switzerland
(Received 8 October 2001; published 19 March 2002)
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~"« If an electron beam is injected mis- 40 DG T
FWHM= 4.0 mm

0

e __h
. .-
-
- "
—
."

Betatron
X-Rays

Bending Magnet
<— Radiation
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Limits in Energy Spread
Now: Is there an Impact? = Transverse Oscillations Horizon 2020

All electrons inside the bunch perform oscillations, assume relativistic electrons = all light velocity

PRA /\dA

0.0015

1 1 1 1
% Y & | 7N
0001 - . ":' . . -,‘\ . e - i . "‘,' . - \'-I . s . . . ,",‘ . ' .-|“‘ .
.E. 0.m05 - '{' .- . |\|| 4 . . ¢ "I'A . . ‘|||. . . - "I'A . : . |||' . = . = | .
g .. 0 ¢ normalized
g @ , ‘ , \ ' A 1  oscillation
o ' amplitude
> |
g |
= <0.0005 [ a
/
‘lln "‘ : \ I"" A f . \ f - 1 G
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Limits in Energy Spread
Now: Is there an Impact? = Transverse Oscillations Horizon 2020

All electrons inside the bunch perform oscillations, assume relativistic electrons = all light velocity
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Limits in Energy Spread
Now: Is there an Impact? = Transverse Oscillations Horizon 2020

All electrons inside the bunch perform oscillations, assume relativistic electrons = all light velocity
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Limits in Energy Spread

PRA {IA L
Va Now: Is there an Impact? = Transverse Oscillations Horizon 2020
All electrons inside the bunch perform oscillations, assume relativistic electrons = all light velocity
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Difference in path lengths - large oscillation particles have longer way - fall back and create banana shape
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Limits in Energy Spread

PRA {IA . . S
N Differences in Path Length and Arrival Time Horizon 2020
10 = T T At =
» Usually subtle effects become relevant for plasma accelerators with L ection
ultra-strong focusing fields and sub-femtosecond bunch lengths. — -cLio
» Beam electrons have different transverse oscillation amplitudes Agand g 0t |
therefore different path lengths. —
« Consequences: 8 A
of plasma
—10 % . -
Increased bunch - Correlated — . 7
length energy spread S. 250 1.12 f5 0.78 fs -
Observed in 2014 by Assmann and Grebenyuk (/IPAC’14) I~ 0 == —~ J
Slice mixing ‘ Uncorrelated (slice) =1 0 1
energy spread

% osiris
Relevant for FEL applications

These dynamics were already pointed out by A. Reitsma and D. Jaroszynski, but no

further studies (Laser Part. Beams 2004) Realistic plasma accelerator

Simulation demonstrating
bunch length generation and

Here: Development of the first analytical model that describes these effects
banana shape

and limitations accurately for a particle bunch.
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Limits in Energy Spread
Uncorrelated Energy Spread of an Electron Bunch Horizon 2020

A A. Ferran-Pousan, R. Assmann, et al

« Comparison between analytical model and a full PIC simulation (OSIRIS) for an initial zero longitudinal

momentum spread.

6x 1074 MMSlaalll —— OSIRIS 3D
Final . _ | 1. @ —=ce..... === Analytical
: 4x1074¢ . e LT
slice ” i Witness beam parameters: e
P 2 5% 10°% | :
Blowout regime (beam driven)
: GeV energy gain m
0 /\ 20 40 60 30 100 120
I’
o S = g m
Maximum when T, = 9 “~— Final/ Initial beam energy
There is always this maximum when the energy is increased by factor 9 Excellent agreement with simulations
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Limits in Energy Spread

PRA/\GA Uncorrelated Energy Spread of an Electron Bunch Horizon 2020

A A. Ferran-Pousan, R. Assmann, et al

Slippage-dominated
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Slippage will typically dominate for energies up to ~10 GeV. Relevant for FEL
applications.
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K Limits in Energy Spread e
PRAXIA Uncorrelated Energy Spread of an Electron Bunch foron 2020

A A. Ferran-Pousan, R. Assmann, et al
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DESIGNING
THE FUTURE

The EuPRAXIA Consortium is
preparing a conceptual design
for the world’s first multi-GeV
plasma-based accelerator with
industrial beam quality and
dedicated user areas.

A\

RN

The project is structured into 14 working groups dealing
with simulations of high gradient laser plasma accelerator
structures, design and optimization of lasers and electron
beams, research into alternative and hybrid techniques,
Free Electron Lasers (FEL), high-energy physics, and
radiation source applications.

EuPRAXIA joins novel acceleration schemes with modern
lasers, the latest correction technologies and large-

scale user areas. The consortium offers unique training
opportunities for researchers in a multidisciplinary field.

EuPRAXIA brings together a consortium of 16 laboratories
and universities from 5 EU member states. The project,
coordinated by DESY, is funded by the EU’s Horizon

2020 programme. The consortium has been joined by 18
associated partners to make additional in-kind contributions.

The consortium holds open international events to strengthen
collaborations, to connect to interested users from FEL's,
high-energy physics, medicine and industry, and to

assess the development of the project.

Computer simulation
of a laser wakefield

© Dr Jorge Vieira, Instituto
Superior Tecnico, Lisbon

Image of a plasma cell.
© DESY, Heiner Miller-Elsner

Particle accelerators have become powerful and widely
used tools for industry, medicine and science. Today there
are some 30,000 particle accelerators worldwide, all of
them relying on well-established technologies.

The project will bridge the gap
between successful proof-
of-principle experiments and
ground-breaking, ultra-compact

The achievable energy of particles is often limited by pecaaaioly;

practical boundaries on size and cost, for example,
in hospitals and university laboratories, or available funding
for very large scientific instruments at the energy frontier.

With a smaller size and improved
efficiency, plasma-based
technologies have the potential to
revolutionize the world of particle
accelerators multiplying their
applications to medicine, industry
and fundamental science.

Participants in the
EuPRAXIA Steering
Committee Meeting.
Paris, February 2016

A new type of accelerator that uses plasma wakefields
promises accelerating gradients as much as 1,000 times
higher than conventional accelerators! This would allow
much smaller machines for fundamental and applied
research.

© Sylvaine Pleyre, LLR

The goal of this project is to produce a conceptual design
for the world's first multi-GeV plasma-based accelerator
that can provide industrial beam quality into dedicated
user areas.




